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ABSTRACT

INVESTIGATION AND MODELING OF FAILURE MICROMECHANISMS IN
MONOLITHIC AND REFRACTING CERAMIC MATRIX COMPOSITE
UNDER STATIC AND CYCLIC LOADING

By Albert S. Kobayashi

A third generation, 2-D finite element (FE) model of grain pull-out was formulated
by incorporating frictional sliding, intact elastic grain bridging and cantilevered grains of
the second-generation model into the first generation finite element model of five parallel,
planar arrays of two-dimension, uniform grains. Frictional resistance due to grain boundary
sliding was generated by the inter-granular compressive stress due to randomly distributed,
anisotropic thermal contraction during cool down in the fabrication process. This third
generation model faithfully duplicated the measured crack bridging force versus crack
opening displacement relation in a loaded and unloaded alumina wedge-loaded double
cantilever beam (WL-DCB) specimen. Optimization study based on the crack bridging
forces showed that alumina with all 5 pm grain provided the largest Kic of 3.4 MPaVm and
2.81 MPaym at room temperature and 800°C, tespectively.

Fracture behavior of carbon fiber/carbon matrix (C/C) composite was then analyzed
with a 2-D FE model of a single edged notch bend (SENB) specimen subjected to a series
of re-notching tests. The irregular transverse cracking in the wide frontal fracture process
zone (FPZ) of the machined notch tip was represented by an idealized distribution of crack
bridging stress (CBS) along an idealized straight crack. The CBS was obtained through an
inverse analysis by matching the FE computed and moiré measured crack opening
displacement (COD) during the re-notching process. This FE model was used to estimate
the equivalent strain energy release 1ate, Ge,, and the equivalent stress intensity factor, Koy,
of the zig-zagged crack.

Finally, crack bridging forces in an all-oxide, continuous fiber ceramic composite
(CFCC), single edge notch (SEN) specimen with fixed grip loading were determined by an
inverse, hybrid experimental-numerical procedure. The SEN specimen was machined from
a 12-ply, laminated woven Nextel 720 fibers in a mullite/alumina matrix composite. The
irregular and non-symmetric crack opening profiles were recorded photographically or by
moiré interferometry. A 2-D orthotropic elastic FE model of the SEN specimen, together
with the crack opening profile, was used in its propagation mode to determine the crack
bridging stress under crack growth. The resultant crack bridging stress was in good
agreement with that determined by post fracture tension (PFT) tests.
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INTRODUCTION

Since the earlier work of Knehans et. al. {1], numerous analyses on the toughening
effects generated by grain bridging in the trailing fracture process zone (FPZ) have been
published over the past decade. Unfortunately, the controlling factor, the grain bridging
force was only inferred in the majority of studies. Hay and White [2] used a “post fracture
tension” (PFT) specimen to directly measure the crack closure stresses (CCS) in the trailing
wake of a stably grown crack in a high purity alumina, wedge-loaded double cantilever
beam (WL-DCB) specimen. The PFT results provided an excellent platform for modeling
the prain-bridging force due to frictional sliding since other grain bridging mechanisms
such as elastic grain bridging and cantilevered grain rotation occurred in the frontal FPZ of

_a crack tip. A zeroth order finite element (FE) model of the PFT specimen subjected to
monotonic loading by Tran, et. al. [3] provided the load versus displacement results which
were in remarkable agreement with the measured results of Hay and White [2] This model
was followed by a first order FE model [4] of a cyclic loaded PFT specimen and by a
second order FE model [5, 6] of grain bridging in a cyclic loaded WL-DCB specimen. In
the following Chapter 1, an estimate of the optimum grain size based on a micro-mechanic
FE model of grain pullout in polycrystalline alumina is presented.

Self similar crack growth in a fiber reinforced composite is seldom observed due to
the ineVitable crack deflection along debonded fibers, interply delamination as well as
fabrication defects in the crack path. While the overall crack growth direction is
perpendicular to the local maximum stress direction, the tortuous 3-D crack path poses an
insurmountable challenge for a linear elastic fracture mechanics (LEFM) interpretation of
crack growth in a fiber reinforced composite. Numerous attempts have been made to
quantify composite fracture through the micromechanics in the trailing FPZ involving fiber-
pullout, fiber breaking, matrix cracking and interply delamination. The interaction of these
micro- and macro-mechanic failure mechanisms, unforfunately, overwhelms a LEFM
analysis. Never the less LEFM, has been used successfully in assessing the onset of crack
growth of a straight machined crack with a relatively small FPZ by lumping the micro-
mechanic failure modes into a single energy dissipation mechanism.. This continuum
approach, however, is no longer valid when the FPZ is more than ten percent of the original
crack length. As an alternative, nonlinear fracture mechanics, such as J-integral, has been
used to estimate the fracture resistance of fiber reinforced ceramic composite after replacing
the zig-zagged crack with a “linear crack [7])”. Another approach is to measure directly the
crack bridging stress generated by the zig-zagged crack with the post fracture tension (PFT)
method [8] or indirectly by the re-notching method [9]. In Chapter 2, 2 LEFM model of the
complex failure mechanism is modeled with a postulated self-similar crack extension. The
LEFM model of the frontal FPZ is assumed to be a straight cohesive zone with a crack
bridging force which replaces the multifaceted failure mechanisms. The bridging force is
determined by a hybrid moiré-finite element (FE) analysis. With this simplified 2-D
modeling, LEFM can then be used to characterize stable crack growth in a fiber reinforced
comyposite.

The third topic involves fracture of an all ceramic composite. Since ceramic
composites lack any sizable plastic zone at the crack tip, alternate fracture energy




dissipation mechanisms have been the subject of intense studies during the past twenty
years. Matrix cracking ahead of the crack tip, crack deflection at the matrix-fiber interface
and fiber bridging along a crack are all energy dissipation mechanisms, which act
independently, concurrently or interactively, in ceramic matrix composites. ' In terms of
experimental analysis, numerous attempts have been made to quantify these mechanisms
and their confributions to the overall perceived fracture toughness of ceramic matrix
composites. An alternate to above, is to lump the three mechanisms into a simple model of
a FPZ trailing the crack tip and to estimate the energy dissipated in this FPZ. This idealized
model is based on LEFM where the measured crack opening profile is input to a 2-D
orthotropic elastic finite element (FE) model of a fracture specimen from which the crack
bridging force is obtained. The observed complex and non-symmetric crack opening
profiles on two sides of a composite specimen, particularly that of a laminated composite
with woven fiber structure, however, renders this straight forward hybrid experimental—
numerical analysis impractical. Thus an inverse analysis was used in Chapter 3 to estimate
the crack bridging force in the FPZ of an all oxide composite.




CHAPTER 1 OPTIMUM GRAIN SIZE FOR A POLYCRYSTALLINE ALUMINA

1.1 Crack Closure Stress

Abundant experimental evidence shows that the dominant fracture energy dissipation
mechanism in structural ceramics is the crack opening resistance in the trailing FPZ of a
crack. The FE model described in [3, 4] simplifies the complex micro-mechanics governing
grain separation along the opening crack to load and displacement boundary conditions. A
slightly different version of this hybrid analysis was performed to determine the crack
closure stress (CCS) at room temperature and 800°C during periods of loading and
unloading {6]. The observed decrease in the crack bridging force at 800°C was attributed to
both the decrease in viscosity of the glassy grain interface and the partial relief of the
residual compressive stresses, both of which contribute to a decrease in the resistance to
grain pull out.

1.2. FE Model

A micromechanical model based on all three grain bridging mechanisms of frictional
sliding, intact elastic grain bridging and cantilevered grains, as shown in Figures 1.1 and 1.2,
of the second-generation model [5, 6] was incorporated into the first generation finite
element model of five parallel, two-dimensional, uniform grain amays [3]. A parallel
assembly of the five two-dimensional arrays of five different grain sizes is shown in Figure
1.3. Since the model was a slice through the thickness of the wedge-loaded, double
cantilever beam (WL-DCB) specimen, the width of the FE model was equal to the
thickness of the WL-DCB specimen minns the side groove or 2.4 mm. This third
generation micromechanical model of the alumina WL-DCB specimen was subjected to
load and unload and the numerical results were compared with the experimental results.
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Fig. 1.1. Intergranular and transgranular Fig. 1.2. Fractured bridging grain.
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Fig. 1.3. Paralle] assembly of five grain arrays.

Figure 1.4 shows the FE model of a panel array of constant grain size. The
disposable parameters in this panel were the relative contributions of elastic grain bridges,
cantilevered grains, frictional bridging and the grain bridging force as shown in Figure
1.5 [6]. 'By necessity, the model was a highly idealized assembly of quadrilateral
elements. At the interface, elastic grain bridges were modeled by constraining the
coincident nodes on the opposite side of the crack to have the same displacement.
Angled, cantilevered grains were modeled by adjusting the nodal points of the initial
mesh to provide an angled interaction surface. Frictional bridges were modeled, as in the
previous cases, with the frictional properties defined at the crack interface. Lacking any
prior analysis of the behavior of the grain bridges during loading, a time consuming trial-
and-error, iterative, inverse analysis was used to match the meso-responses of the micro-
mechanical model and the experimental data, primarily the applied load, crack opening
displacement (COD) profile and CCS vs. COD relation.

A Matlab preprocessor randomly distributed the principal thermal expansion
directions from 0 to 165° in 15° increments. As shown in Figure 1.5, the principal
direction in the bridging element was assumed to be identical with that of an adjoining
element. The compressive residual stress, which caused frictional resistance to the grain
pullout, was generated by the mismatch in grain shrinkage during the cool down from the
processing temperature, Grain sizes smaller than 3 pm were considered too small for
effective grain bridging in the WL-DCB specimen.
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The frictional bridging length was assumed to be 20 percent of the grain length, e.g.

5 pm for the 25-um size grain. The cantilevered element was assumed to be tilted 10’ to
the loading direction. The number of elastic and cantilevered grain bridging along the
trailing fracture process zone was assumed to be equal and proportional to the number of
grains along the fracture surface of each panel of grains in Figure 1.3. This
proportionality constant was determined through an inverse analysis by matching the
average slope of the CCS versus COD relation of the parallel assembly of the five grain
panels with the observed experimental results. Figures 1.6 and 1.7 show the individual
CCS versus COD relations for the five panels of grains as well as the average and the
measured CCS versus COD relations at 800°C and at room temperature, respectively.
Specifically, elastic and cantilever grain bridging sites occurred in ten grains in the panel
of 15 pm grains while this number was six grains for the panel of 25 pm grains at 800°C.
Thus, the proportionality constant involving the mumbers of elastic to cantilevered grain
bridging was 12.5 % at a test temperature of 800°C. For room temperature testing, this
proportionality constant was 23 %. The lesser number of elastic and cantilever grain
bridging at elevated temperature is indicative of the increase in grain boundary sliding.

100 | ;
I 800°C 1
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v [ 5 10 15
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Fig. 1.6. CCS versus COD relations at 800°C.
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Fig. 1.7. CCS versus COD relations at room temperature

In the absence of any micro-mechanical data, the friction coefficient for estimating
the resistance to the subsequent intergranular sliding was assumed to be 0.7. The
Coulomb friction coefficient was an educated average of the bulk friction coefficients
given by Jahanmir and Dong [10] and was adjusted to account for the rougher surfaces
due to the presence of the interstitial phase.

1.3 Results

Initially, the FE model was subjected to a cool down process from 1500°C to 20°C
or 800°C. The model was then subjected to cyclic loading. The relative contributions of
the various bridging mechanisms to the CCS were adjusted to match the CCS versus
COD relation. The computed and measured unloading CCS vs. COD relations at
locations 0.1, 1.0 and 2.0 mm from the crack tip are also shown in Figures 1.8 and 1.9. In
all cases, the COD did not return to zero. These results show that additional compressive
force is required to return the grains to their original un-cracked position. Furthermore,
the good agreement of the FE results and the experimental data indicates that the
assumptions and modeling techniques used were successful in representing the micro-
mechanics of grain bridging in alumina during loading and unloading.
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Figure 1.10 shows the localized concentrations of the von Mises stress at the elastic
grain bridges and the angled, frictional interfaces at A, B, C and D on the CCS versus
8/2 curve of Figure 1.9. The highly concentrated Mises stresses are generated around
both of the angled interface and the elastic element. On the other hand, the frictional
interfaces do not generate a large stress.

Figures 1.11 and 1.12 show the variations in CCS with grain size and location from

the crack tip at 800° C and room temperature, respectively.. The CCS of the smaller

. grains, i.e. 5 and 10 pm, which are largest at the crack tip, are larger than the CCS of the
larger grains of 15 ~25 pm.
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Fig. 1.10. Variation of Mises stress distribution along the crack at maximum load.
(T=800°C, grain size=15pm,)
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Finally, the crack closing stress intensity factors at room temperature and 800° C
due to crack closure forces along the FPZ are shown in Figure 1.13. If the alumina WL-
DCB specimen was composed entirely of 5 pm grains, the siress intensity factors at peak
load and at room temperature and 800°C would have been 3.4 MPaVm and 2.81 MPavm,
respectively. The integrated sum of the crack closure stress intensity factors for alumina
WL-DCB specimen with grain size distribution of Figure 1.3 were 2.73 MPavm and 2.36
MPaVm at room temperature and 800°C, respectively.
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Fig. 1.13 Crack closure stress intensity factor for each grain size.

1.4 Conclusion

A micro-mechanical FE model, which is based on grain pullout and push-in is
presented. The FE model, which was developed through a hybrid experimental-
numerical, inverse process, successfully replicated the measured cyclic load and unload
relations of an alumina WL-DCB specimen.

Optimization study based on the crack bridging forces showed that Al,O; with all 5
pum grain provided the largest Kjc of 3.4 MPaVm and 2.81 MPaVm at room temperature
and 800°C, respectively.
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CHAPTER 2 A FE MODEL OF CARBON/CARBON COMPOSITE FRACTURE

2.1 Hybrid Moiré-FE Analysis
2.1.1 Single-edged Notch Bend (SENB) Specimen

The fracture specimen used in this proof-of-concept study is a 2-D, carbon-fiber
reinforced carbon matrix (C/C) composite, single-edged notch bend (SENB) specimen
with a straight notch in the T-S plane of a C/C plate. This relatively porous composite is
a 12.7 mm thick plate of stacked plies of discontinuous carbon fibers impregnated with a
carbon matrix as shown in Figure 2.1. Its bulk density is 1.54 gr/cc with a porosity of
16%, compressive strength of 200 MPa and a fiber volume fraction of 40%.

Fig. 2.1. C/C composite.

Figure 2.2 shows the SENB specimen with a 50% side groove. The support span
for the three-point bend fixture was 48 mm. Uniaxial tension tests in the L-T and T-L
directions yielded a relatively uniform elastic modulus of Er/ E; = 48 GPa. Two of the
three remaining elastic modulus of Eg = 0.67 GPa and the shear modulus of Grs = 1.92
GPa were obtained through an inverse analysis, which is discussed later, by matching the
response of a FE model of the SENB specimen with the experimentally obtained load
versus load-line displacement and the load versus crack mouth opening displacement
(CMOD) relations. A Poisson’s ratio of v = 0.05 was obtained from Ohtake et al [11].
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Fig. 2.2, C/C composite SENB specimen.

2.1.2 Three-point Bend Test

The C/C composite SENB specimen was subjected to a three point bend test. As
illustrated in Figure 2.3, the crack propagated in an irregular zig-zaged pattern along the
side groove and fractured in a likewise pattern. The corresponding load versus load-line
displacement curve is shown in Figure 2.4 where Pt. A is the onset of crack growth.
Extensive crack growth occurred with the maximum load at Pt. B and complete
penetration of the crack through the height of the SENB specimen occurred at Pt. C. The
extensive crack bridging kept the two specimen halves together through an applied load
line displacement of 2 mm.
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Fig. 2.3. Crack path and fractured C/C SENB specimen.
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The area under the load versus load-line displacement in Figure 2.4, for a given
applied load line displacement, is the work of fracture. The difference in the work of
fracture with an incremental increase in crack length is the work rate of fracture.

In order to assess the effect of crack bridging generated by the zig-zagged crack
path, the stress intensity factor of a postulated self-similarly extended crack was
calculated for varions machined notch lengths, a, as shown in Figure 2.5, using the
standard LEFM formula [12] of: :




1
a)? a a 2
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Region A in Figure 2.5 shows that for the same tota] crack length, a shorter initial
notch required a higher stress intensity factor for crack growth due to the longer FPZ
which provided a larger crack bridging (closing) force. In Region B with 2 1onger total
crack length, this difference dlsappeared as the crack grew with a constant FPZ size. The
increase in resistance to crack growth is shown by Figure 2.6, which plots the initiation
stress intensity factor at the onset of crack growth from the machined notch tip and the
stress intensity factor at maximum load in terms of an increasing notch depth.
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Fig. 2.5. Stress intensity factor of a straight crack in a C/C SENB specimen.

2.1.3.Re-notching Test

The crack bridging stress (CBS) acting along the FPZ of a postulated self-similarly
crack extension was determined by re-notching the SENB specimen. The incrementally
re-notched SENB specimen was then re-loaded back to its maximum load and the load
versus load-line displacement relation shown by Figure 2.7 was obtained. The residual
load-line displacement at complete unloading in this figure is attributed to the resistance
of the pulled out fibers to crack closure. The area under the loadmg curve provided the
work of fracture. The specimen compliance increased with increasing re-notch length

~ with a total crack length of 9.25 mm.
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Fig. 2.6. Stress intensity factor at crack growth initiation and maximum load.
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2.1.4.Moiré Interferometry

The crack opening profile and the lateral displacement field during the re-notching
test were determined by moiré interferometry. The moiré interferometer was configured
to yield an effective grating frequency of 1,200 lines/mm for an actual grating frequency
of 600 lines/mm. Figure 2.8 shows moiré interferometer setup which was used in this
room temperature test. The Moiré fringe pattern was recorded at the maximum load of
each re-notching process. Figure 2.9 shows the actual zig-zagged FPZ and the moiré
pattern surrounding this FPZ. The moiré data was used to determine the COD along the
original machined notch and the re-notched crack as an input to the FE analysis.
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'Fig.2.8. High temperature moiré interferometry setup.
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2.1.5. Finite Element Modeling

A FE model of the SENB specimen with a straight FPZ was used to compute,
through an inverse analysis, the CBS acting on the FPZ. Figure 2.10 shows the FE mesh
which models one half of the SENB specimen. The FE analysis consisted of matching
the computed and moiré COD’s, through an inverse iterative process, for an assumed
CBS distribution at various re-notched lengths. The final FE analysis yielded the
effective stress intensity factor for the C/C SENB specimen with an idealized crack
bridging stress.

Crack Nodal Points 560
Bridging Elements 513
Stresses

Crack Tip

Crack Bridging Stress

==

Renofch Length Aa o

Original Notch
Depth &,

Fig. 2.10. FE model of the re-notched C/C SENB specimen.

2.2. Results

The crack was grown to a straight crack length of 9.25 mm or 5.05 mm from the
machined notch tip. This growth, 4a, as shown in Figure 2.10, is defined as the projected
length of the zig-zagged crack path. Figure 2.11 shows the COD variation with re-
notching. The area under the load versus load line displacement curve, which is the work
of fracture, was then obtained. '

24

O O




Figure 2.12 shows the change in the crack bridging stresses with re-notching in the
frontal FPZ. The bridging stress is largest at the machined notch tip, i.e. the location of
maximum fiber pull out. The FE analysis then computed the reduction in stress intensity
factor due to fiber bridging, K., from which the following equivalent stress intensity
factor, K o5, Was obtained:

Crack Opening Displacement
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Fig. 2.11. COD profiles.
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Fig, 2.12. Crack bridging stress.

Keq = KI - Kc (2.2)
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Figure 2.13 shows the computed reduction in stress intensity factor with the
increase in re-notch length duie to the crack bridging stress.
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Fig. 2.13. Reduction in bridging stress intensity factor.

Figure 2.14 shows that the measured work rate of fracture, Gy, is closely related to
the computed stress intensity factor of the SENB specimen with crack bridging. The
stress intensity factor is normalized by the modulus for an equivalent isotropic material,
E.of: :

1
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A;=1/E,=1/0.67
Ay=1/E,=1/48.0
A= -vE;=-0.05/48.0
As=1/Gy=1/1.92
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Since Figure 2.14 implies that U « G
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which simplifies the computation of K.

2.3. Conclusions

A hybrid experimental-numerical, inverse procedure was used to model the crack
bridging stress of the tortuous crack in a C/C composite SENB specimen.




The measured work rate of fracture was found to be nearly equal to the strain
energy release rate obtained from the stress intensity factor of a carbon/carbon composite
SENB specimen. '

CHAPTER 3 CRACK BRIDGING FORCE IN MULLITE/ALUMINA COMPOSITE

3.1 All Oxide Composite

The ceramic fiber-ceramic matrix considered here is an all-oxide continuous fiber
ceramic composite (CFCC) which in principle is immune to oxidation, less sensitive to
moisture attack and thus is a viable CFCC for long term, high temperature applications.
The oxide fiber used in this study is a Nextel 720 fiber cloth (8 harness satin weave) with
a matrix of 80 percent mullite and 20 percent alumina. The CFCC plate consists of
twelve plies of 0°/90° laminates with a total thickness of 3.35 mm. The matrix porosity
increases the damage tolerance of the overall composite while decreasing the matrix
strength and the matrix toughness [13]. Matrix porosity also decreases the inter-laminar
shear strength and the notch sensitivity of the: CFCC material [13 - 17]. The low
interlaminar shear strength, in particular, resulted in delamination at a low compressive
load and triggered a lengthy quest of developing a suitable fracture specimen.

3.2. Experimental Procedure

The two all-oxide CFCC plates considered in this study were identical in
composition but were fabricated with two or four cycles of precussor impregnation and
pyrolysis resulting in different fracture responses. These two CECC plates are identified
as CFCC-A (35.5% porosity) and CFCC-B (31% porosity), respectively.

3.2.1 SEN Specimen

The wedge-loaded double cantilever beam (WL-DCB) fracture specimen, which
was used in the past fracture analysis of dense monolithic ceramics [3-6], was ineffective
due to the weak interlarminar shear and compressive strength of the all-oxide CFCC plate
tested. Either the loading points on the WL-DCB specimen collapsed or the specimen
delaminated prior to crack extension. Thus a single edge notch (SEN) specimen, as
shown in Figure 3.1, clamped between two large grips was used to avoid delamination
and compression failure at the load points of the specimen. Since the purpose of this
study was to develop a phenomenological model of the FPZ associated with the CFCC
fracture specimen in toto, no side grooves were machined on the specimen. The crack
was machined with 2 0.4 mm blade and the machined notch tip was chiseled with a razor
blade so that the starter crack resembled an ideal crack tip. The SEN specimen was then
loaded in a displacement controlled, simple tension fixture and the crack opening profile
was recorded. The crack mouth opening displacement (CMOD) was also recorded with a

clip gage.
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3.2.2. Fracture Test

Initial attempts to record the crack opening profile by moiré interferomefry of the
CFCC-A SEN specimen failed as the specimen warped under Joad. Thus, the crack
opening profiles on both sides of the SEN specimen were obtained from the CCD images
of the fracturing SEN specimens. This recording was enhanced by painting the specimen
surfaces black to contrast the specimen surface with the exposed white fiber tows.
Figure 3.2 shows the gripped SEN (CFCC-B) specimen, which had fractured, with the
crack mouth opening displacement (CMOD) gage attached. Figure 3.3 shows the back
side of this fracture specimen. The complex crack profile is due to the 0° ply, which
failed in shear, facing this back surface. This discontinuous fracture surface with 90° and
0° fiber pull outs is also documented in {16] and is attributed to the efficacy of the porous
matrix as a crack deflection mechanism within and between the fiber tows.

A 4

Gripped

337 | (1=3.35)
Unit= mm

Fig. 3.1. SEN specimen.
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Fig. 3.2. Fractured SEN specimen with CMOD gage attached.
v ¥ : ; e N ..‘_'\

Fig. 3.3. Photo of fractured specimen.
Back side of a CFCC-B SEN specimen.

Figures 3.4 and 3.5 show close up views of fiber pull outs in the 90° (parallel to the
load) and 0° (parallel o the crack) directions. While the pull out of the fiber tows in the
90° direction dominate, 0° fiber pull out and fiber breakage in the 0° tows were inevitable
for the crack to propagate in the 0° direction.
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Fig. 3.5. Fiber pullout II. CFCC-B specimen.

At peak load, a large crack jump with rapid unloading in the CFCC-A specimens
was followed by approximately 3 mm of intermittent stable crack extension, as shown in
Figure 3.6. Load and crack mouth opening displacement (CMOD) were recorded
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o 1 " I 1
0 0.2 04 0.6 0.8
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Fig. 3.6. Load versus CMOD. CFCC-A SEN specimen
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under monotonic loading.

throughout this stable crack growth process. This process was repeated for three
specimens to obtain crack opening profiles at several levels of crack extension. The
significant difference in the crack opening profiles of the front and back surfaces, as
shown in Figure 3.7 required educated judgment in order to derive a smoothed crack
opening profile compatible with the observed jagged COD profiles.

Front surface Back surface

Fig. 3.7. Crack opening profile of CFCC-A SEN specimen.

Moiré interferometry was used to determine the crack opening profile in the more
brittle CFCC-B SEN specimens. A total of three specimens were loaded monotonically,
as shown in Figure 3.8, and analyzed with moiré interferometry. A photograph of the
moiré interferometry bench is shown in Figure 3.9. This set up is essentially same as that
shown schematically in Figure 2.8 except for the two input beams, which are in a vertical
plane for vertical displacement measurement, as shown in Figure 3.10. Figure 3.11
shows a typical moiré fringe pattern. : '
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Fig. 3.9. Moiré interferometry bench.

Fig. 3.10. Moiré interferometry bench with light beams marked.

I et ]

Fig. 3.11. Moiré interferometry image.
Front side of CFCC-B SEN specimen.

Also two specimens were cyclic loaded and the corresponding FPZ’s at two loads,
including the unloaded point, were analyzed. Figure 3.12 shows the load versus CMOD
and a moiré interferometry photo of a cyclic loaded CFCC-B SEN specimen. The crack
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bridging stress versus COD relations were determined at the locations where the moiré

pictures were taken.

o0
“GMOD it} ,
Fig. 3.12. Load versus CMOD of a cyclic loaded CFCC-B SEN specimen.
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Figure 3.13 is a superposition of Figures 3.8 and 3.12 to show the increase in
tensile strength due to cyclic loading.
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Fig.3.13. Load versus CMOD of monotonic and cyclic loaded
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CFCC-B SEN specimens.

3.2. Numerical Model

Due to symmetry, only one half of the SEN specimen was modeled using 8 noded,
isoparametric elements as shown in Figure 3.14. The crack tip singnlarity was roughly
modeled by gradually reducing the size of the elements near the crack tip as shown in
Figure 3.14b. The steel clamps were also incorporated in the FE mode] to replicate the
complex loading condition of this short SEN specimen.

10 mm

Fig. 3.14a. FE model of SEN specimen with clamped grips.
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Fig. 3.14b. FE mode] of SEN specimen.

The orthotropic modulus of elasticity of this crossed ply, 0°/90°, composite yielded
different modulus of elasticity when a clip gag, which was used to measure the specimen
extension, was mounted on the specimen surface with a 90° (front surface) or 0° (back
surface) laminate. The modulus of elasticity, Ex = E, = 57.6 GPa, is an average value of
uniaxial tension tests in the longitudinal, 90°, and transverse, 0°, directions of the CFCC
plate. The shear modulus, Gy, = 7.23 GPa was determined by the Josipescu shear test as
per ASTM D53791. Lacking any data, an assumed Poisson ratio of v = 0.05 [18] was
used in the FE analysis.

3.3. Results
3.3.1.CFCC-A. SEN specimen

Three CFCC-A SEN specimens, Nos. 1, 2 and 3, were tested and the crack opening
profiles were determined through photographic recordings of the COD’s. As mentioned
previously, the crack propagated rapidly through two thirds of the specimen width at the
peak load, after which stable crack growth was observed followed by a gradual decrease
in load. The two specimen halves held together after the crack tip completely traversed
the entire width of the specimen. Figure 3.15 shows the crack opening profiles for four
crack growths which occurred past the maximum load in the descending portion of the
load versus CMOD curves in Figure 3.6. Initially, the crack profile formed a parabolic
crack opening, typical of a linear elastic fracture mechanic (LEFM) response, but this
characteristic opening shape became obscure with the large opening and the rotation of
the specimen halves.
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Fig. 3.15. Crack opening profile with crack extension.
CFCC-A SEN specimen under monotonic loading.
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Figure 3.16 shows the crack bridging stress versus crack opening displacement
(COD) with stable crack growth deduced using an inverse FE analysis with the COD of
Figure 3.15. A comparison of the crack bridging force versus COD relation, which was
obtained by the post fracture tension (PFT) method [19], with our results is more clearly
shown in Figure 3.17.

—#1, 338.4N
~#2, 186.4 N
~#2, 163.0N
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—#2,91.2N
—#3, 2590 N
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| —UH :

045 02
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Fig. 3.16. Crack bridging stress versus COD relations of
CFCC-A SEN specimen under monotonic loading,.
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Fig.3.17. Bnlarged section of Figure 3.16.
CFCC-A SEN specimen.

The CMOD data and the computed displacements of the clamped edge were then
used to estimate the load-line displacement which was not measured but was computed
by FE analysis in this study. The work of fracture, which is the area underneath the
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resultant load versus the load line displacement curve was then determined. This work
of fracture was 6820 J/m’.
3.3.2.CFCC-B SEN specimen.

As mentioned previously, this material, which had undergone four cycles of
precussor impregnation and pyrolysis, was brittle and the crack propagated rapidly
through the entire specimen width at the peak load without any subsequent stable crack
growth as shown by the load versus CMOD curves of Figure 3.8. However, small stable
crack growth was observed during monotonic loading, prior to the onset of fracture,

~ Figure 3.18 shows the final crack opening profile associated with a small crack
extension in a monotonically loaded CFCC-B SEN specimen. Figure 3.19 shows the
crack bridging stress versus crack opening displacement (COD) with stable crack growth
deduced using an inverse FE analysis with the COD data of Figure 3.18. Note that the
nearly constant crack bridging stress of about 90 MPa at a COD/2 of about 0.005 mm is
in approximate agreement with the crack bridging force at the same COD/2 in Figure
3.16 of the CFCC-A specimen. Figure 3.20 shows the COD’s measured by moiré
interferometry and by those obtained by an inverse FE analysis. While better agreement
with the measured COD’s along the machine surface notch was desired, the agreement
between the measured and computed COD’s along the stable crack surface was good.
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Fig. 3.18. Crack opening profile with crack extension of a monotonic
loaded CFCC-B SEN specimen.
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work of fracture, which is the area underneath the resultant load versus the load line
displacement curve was then computed. This work of fracture was 5990 J/m?.

Similar analysis of a cyclic loaded CFCC-B SEN were conducted at two load levels
with the moiré fringe patterns in Figure 3.12. Figure 3.21 shows the crack opening
profile at the two crack extensions. These COD’s together with the applied load were

used to obtain the crack bridging stress versus COD relation in Figure 3.22 through an -

inverse FE analysis. The fluctuating crack bridging stresses for the small COD of 0.01

mm is an indication of the sensitivity of moiré interferometry to the discontinuous .

fracture, which apparently is accentuated under cyclic loading, of the tows. The higher
average bridging stress of about 120 MPa in comparison with that of 90 MPa in Figure
3.19 is also reflected in the higher loads in Figure 3.12.
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Fig. 3.21. Crack opening profile at a crack extensjon of Aa = xxx mm in
a cyclic loaded CFCC-B SEN specimen.

The work of fracture for the cyclic loaded CFCC-B SEN specimens was 9541
J/m?, respectively. This 59% increase in work of fracture of the cyclic loaded CFCC-B

. SEN specimen could be due to the pseudo work hardening effect of the CFCC-B material

under cyclic loading.
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Fig. 3.22. Crack bridging stress versus COD ina cyclic
loaded CFCC-B SEN specimen.

3.4. Discussion

The modulus of elasticity, Ey, = 57.6 GPa used in this study is very closed to that
quoted in Reference [19] for the same mullite/alumina composite of CFCC-A. It reports

a maximum bridging stress of 11 MPa for a starting COD of about 0.02 mm obtained by .

post fracture tension (PFT) testing. This corresponds to our bridging stress of 16 MPa in
Figure 3.9. This 40 percent difference in the maximum bridging stresses could be due to
the fact that the PFT test records predominantly the load carrying capacity of the 0°
laminates since the 90° laminates are sheared off at the two PFT specimen surfaces.

3.5. Conclusion

A hybrid experimental/numerical procedure was used to determine the crack
bridging forces in 2 mullite/alumina composite SEN specimen. Cyclic loading resulted in
higher load carrying capacity in the CFCC SEN specimens. The work of fracture under
monotonic loading of the CFCC SEN specimens with two and four cycles of precussor
impregnation and pyrolysis were 6820 and 5990 J/m?, respectively. The work of fracture
of cyclic loaded CFCC SEN specimen with four cycles of precussor impregnation and
pyrolysis was 9541 J/m?,
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CHAPTER 4: CONCLUSIONS AND RECOMMENDATIONS

4.1. Conclusions

A micro-mechanical FE model, which is based on grain pullout and push-in is
presented. The FE model, which was developed through a hybrid experimental-
numerical, inverse process, successfully replicated the measured cyclic load and unload
relations of an alumina WL-DCB specimen.

Optimization study based on the crack bridging forces showed that Al,O3 with all 5
um grain provided the largest K¢ of 3.4 MPaVm and 2.81 MPaVm at room temperature
and 800°C, respectively.

A hybrid experimental-numerical, inverse procedure was used to model the crack
bridging stress of the tortuous crack in a C/C composite SENB specimen.

The measured work rate of fracture was found to be nearly equal to the strain
energy release rate obtained from the stress intensity factor of a carbon/carbon composite
SENB specimen.

A hybrid experimental/numerical procedure was used to determine the crack
bridging forces in a mullite/alumina composite SEN specimen. The work of fracture
under monotonic loading of the CFCC SEN specimens with two and four cycles of
precussor impregnation and pyrolysis were 6820 and 5990 J/m?, respectively. The work
of fracture of cyclic loaded CFCC SEN specimen with four cycles of precussor
impregnation and pyrolysis was 9541 Jm?.

4.2. Recommendation

The hybrid moiré-FE analysis can be used effectively to establish a
phenomenological fracture model of the complex failure of ceramic composites.  This
model should be used to develop an optimization methodology for the design of ceramic
composite, similar to the procedure developed for monolithic ceramics as described in
Chapter 2 of this report.
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1.0 Crack Bridging and Fracture Zone Characterization of Oxide/Oxide Ceramic

Matrix Composites at Room and Elevated Temperature
1.1 All-Oxide Ceramic Matrix Composites.

Elevated temperature applications require materials that can maintain good
mechanical properties such as strength and hardness. Ceramics have good mechanical
properties at high temperature, and thus, appear to be good candidates for elevated
temperature applications. However, due to their brittle nature, monolithic ceramics are
unsuitable for many applications where reliability is very important. Fiber-reinforced
ceramic matrix composites (CMCs) exhibit pseudo-plastic behavior at room temperature
as well as in elevated temperature environments. In addition, All-Oxide CMCs show an
intrinsic creep and oxidation resistance. Energy dissipation mechanisms have been the
focus of research in ceramic matrix composites for several years. In non-oxide fiber-
reinforced ceramic matrix composites, improvement in fracture toughhess is achieved by
deflecting matrix cracks along the fiber/matrix interface. Energy dissipation mechanisms
involve fiber debonding and fiber sliding. These composites are known to have a “weak”
fiber/matrix interface. On the contrary, all-oxide ceramic matrix composites contain a
“strong” interface and a porous matrix. Although overall mechanisms and behavior of
these new composites are somewhat understood, further studies must be performed in
order to understand all the microstructural features and their role on the energy

dissipation and fracture behavior during service in harsh environments.

1.2 Materials

Three different materials were considered for this study: an alumina matrix
composite [1], and two mullite-alumina matrix composites with the same composition but
different level of porosity (CFCC-A 35.5%, CFCC-B 31%) [2]. All composites were

reinforced by Nextel 720 oxide fiber cloth (8 harness satin weave). Matrix composition




and the porosity level are important factors responsible for different fracture behavior
both at room and elevated temperature.

1.3 Experimental Procedure

In order to analyze the crack bridging mechanisms and the mechanical fatigue
response of these composites, full isolation of the wake zone without damaging the wake
elements is required. Double Cantilever Beam (DCB) geometry provided the ideal
conditions to introduce a controlled matrix crack into the composite. A Post-Fracture
Tensile (PFT) experiment was then performed in order to study the bridging phenomenon
and the mechanical fatigue behavior. Load vs. displacement curves obtained from the
PFT test show the wake-zone toughening contribution and it is related to microstructural
features. PFT experiments have shown the role of the microstructural wake-zone
toughening features as a function of crack opening displacement (COD). Double
cantilever beam geometry provides a large range of COD values for PFT specimens,
therefore imposing different stress states on each PFT [3]. It has been shown that the
maximum bridging stress is reduced monotonically with increasing initial COD, and the
behavior is attributed to an increased damage zone size [3,4,5]. Since interfacial bonding
strength and debonded and sliding fiber zones are the controlling mechanisms that
provide toughening and lead to a pseudo-plastic behavior in fiber-reinforced ceramic
matrix composites, a relationship between maximum bridging stress and COD is of great
importance for design [3].

Crack opening displacements during the PFT tests were measured by a video
extensometer due to the large displacements of these composites under tensile loading

compared to monolithic ceramics.
1.3.1 DCB Specimen

DCB specimens are cut from bulk plates of the ceramic matrix composites. The
dimensions of the DCB are 25.4 mm * 50 mm * 3.2 mm. A chevron notch of 13 mm
length was made to promote crack initiation. A double side groove was also cut along the

crack plane to assure symmetric and stable crack growth. Each side groove has a depth of




one third of the total thickness. A schematic figure of the DCB specimen is shown in

Figure 1.
50 mm
K A
Ei F/ S
¥ 254 mm S | 254 mm
12.7 mm

¥ ¥
k—>
3.2 mm

Figure 1 Schematic representation of Double Cantilever Beam specimen

DCB specimens were tested under a tensile loading test. Direct loading on the
DCB specimen was first tried without success due to the fracture of loading points. Since
these ceramic matrix composites delaminate relatively easily, adhering alumina bars onto
the DCB sides also failed. The use of aluminum fixtures to support the DCB and to
provide loading points for the DCB specimens gave good results. A diagram of the

aluminum fixtures is shown in Figure 2.

Figure 2 DCB testing fixtures




DCB tension test was carried out in an Instron 4505 twin-screw machine. Two
knife-edged fixtures were attached to the Instron in order to pull the DCB specimen apart
as shown in Figure 3. The crosshead speed was set to 200 x 10 inch/min. Crack
propagation along the centered groove was tracked optically. Further crack growth was
prevented by load removal after crack length was about 12 to 14 mm. Load and
displacement data was collected in real-time through a LabView 5.1 virtual instrument

program.

4
Figure 3 DCB Loading Fixtures

After the DCB test, crack path observations were done using an optical
microscope. Since the DCB test was only used to create an initial crack in order to study

the wake zone behavior, this test was only performed at room temperature.

1.3.2 PFT Specimen

PFT specimens were obtained from tested DCB specimens. The DCB crack

length was tracked using optical microscopy to locate the end of wake zone. Isolated




wake zone elements are obtained by cutting the DCB specimen into several PFT

specimens as shown in Figure 4.
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Figure 4 PFT specimens obtained from DCB sample

Since PFT specimens are obtained from a cracked DCB along the groove, PFT
specimens are only held together by bridging elements. In addition, each PFT specimen
contains a unique section of the wake zone, i.e. different crack opening displacement for
each specimen. PFT specimens are numbered according to their position with respect to

the opposite end from the chevron notch.

The PFT specimen is glued to alumina bars in a double-T fashion to facilitéte a
tensile test. Due to its property retention up to 1650 °C, Resbond 989, an alumina-based
high temperature adhesive produced by Cotronics, Inc., was used to glue the PFT
specimens to the alumina bars. Two short and thin silicon carbide bars acted as the video

extensometer targets. Figure 5 shows the PFT specimen ready to be tested.

Figure 5 Post-Fracture Tensile Test Specimen with video extensometer targets

Monotonic loading of the PFT specimens was carried out by motion of the Instron

crosshead. However, for cyclic loading, a piezo actuator was fixed to the Instron machine




and used as the cyclic mechanism. The piezo actuator required a high voltage power
supply (0 — 800 V) to give a cyclic amplitude of 0 to 55 pm.
1.4 DCB Test

As expected from the factor of difference between the elastic moduli of the two
compounds, the alumina matrix composite exhibits a higher stiffness as well as a higher
load capacity than the CFCC-B mullite-alumina matrix composite. Alumina has an elastic
modulus of 370 GPa while for mullite, this value is 150 GPa. By using the rule of
mixtures, the elastic modulus for the alumina matrix composite gave a value of 317 GPa,
while for the mullite-alumina composite (CFCC-A) the value was 218 GPa. Furthermore,
the alumina matrix composite shows a higher maximum load for crack initiation. Another
important feature of these two composites is the absence of catastrophic failure after the
peak stress is reached and a crack starts propagating. Figure 6 shows the DCB response

for these composites.
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Figure 6 DCB results for the alumina matrix and the mullite-alumina (CFCC-A) matrix

composites

A run arrest behavior, previously suggested as a manifestation of bundle fiber
pullout in fiber-reinforced composites [6], can be observed in the mullite-alumina
composite during crack growth suggesting a more severe damage in this composite.
Further analysis under Scanning Electron Microscope (SEM) after PFT tests showed
evidence of bundle pullout for both composites with the mullite-alumina matrix, while
for the alumina composite single fiber pullout dominated. Figure 7 shows SEM images of

the fracture surface of the mullite-alumina composites.

15,0 180 1000 HDSHmm

Figure 7 Fracture surfaces of the mullite-alumina composites after monotonic PFT tests:

a) CFCC-B at room temperature. b) CFCC-A at 1000 °C

An initial value, K, and the steady-state fracture toughness, K;, were obtained for
the alumina matrix and for the mullite-alumina (CFCC-A) matrix composite by using the
LEFM model. Both materials exhibit fracture toughness values comparable to those of
some metals. An increase in fracture toughness from the initial value to the steady-state
region suggests a rising R-curve for both composites. The initial fracture toughness for
the alumina matrix composite is about 38 MPa m'?, while for the alumina/mullite
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composite is about 23 MPa m' . The steady-state toughness for both materials was

higher than that for initiation suggesting the existence of a rising R-curve. For the




alumina composite, the steady-state toughness increased to 66 MPa m'?, whereas the

alumina/mullite matrix composite reached plateau at about 47 MPa m'?2.

1.5 PFT Tests

The PFT specimens obtained from each DCB specimen were characterized by
their initial crack opening displacement (COD) characteristic of the crack opening
profile. Table 1 characterizes this COD profile for both composites. These values were

used to characterize the initial damage in the PFT specimen.

PFT Specimen 1 2 3 4 5 6 7 8
Number
Distance from
DCB crack tip 0 2.54 5.08 7.62 | 10.16 | 12.7 | 1524 | 17.18
(mm)
COD
(pm)

45 65 95 120 145 180 215 245

Table 1 Typical COD values for PFT specimens of both composites.

Different PFT specimens taken from the same DCB (family of PFTs), each
representing an increasing level of prior damage (initial COD) with distance from the
DCB crack tip, showed a decreasing maximum bridging stress. In addition, the PFT
specimens of a family exhibit a common strain-softening exponent both at room and
elevated temperature. Loading and reloading sequences were carried out and confirmed
this behavior. The drop in sustained load (stress) with increasing COD reflects both the
number of reduced load-bearing fibers and the reduced fiber matrix interaction. Figures 8,

9, and 10 show families of PFT for different composites and testing temperatures.
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Figure 8 Family of PFT curves of the mullite-alumina (CFCC-B) matrix composite at

room temperature.
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Figure 9 Family of PFT curves for the alumina matrix composite at 1000 °C.

The modest change in elastic stiffness of the loading curves for the alumina
matrix composite (Figure 9) suggests a relatively low and individual fiber breakage, but
strengthens the argument for load loss due to interfacial or matrix damage. Furthermore,
the oscillating behavior of the load throughout the strain-softening region and its reduced
amplitude in the final stages of the separation event suggests a high dependence on

interfacial properties.
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Figure 10 Family of PFT curves for the mullite-alumina (CFCC-A) matrix
composite at 1000 °C.

1.5.1 Room vs. Elevated Temperature Testing

The shape of the pseudo-plastic region remained unchanged between room to
elevated temperature testing, confirming the strain-softening region. Furthermore, the
linear region was also unchanged reflecting the good temperature resistance of the fibers,
and the existence of a suitable load-transferring fiber/matrix interface. Figure 11 shows
the mechanical response at room and 1000 °C of the alumina matrix composite. However,
a noticeable effect of temperature on the stick-slip behavior during fiber pullout was
observed. Previous studies suggest a similar behavior caused by interfacial roughness [7-
8]. Further SEM analysis showed large amounts of matrix material attached to the pulled
out fibers (Figure 12) after temperature exposure, explaining the increased interfacial
roughness and suggesting a temperature-driven adhesion (probably through sintering) of

matrix material to the fibers.
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Figure 11 Room (PFT-3) vs. High temperature (PFT-2) behavior of the alumina matrix

composite.
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Figure 12 Fiber pullout of the alumina matrix composite under monotonic loading at

1000°.




A similar oscillating load behavior to that of the alumina matrix composite was
found for the mullite-alumina (CFCC-A) matrix composite at elevated temperatures.
However, the effect was smaller in this composite, suggesting a smoother interface

during fiber sliding than that of the alumina matrix composite.

1.5.2 Critical Temperature”

A diminished load supporting capacity for the alumina matrix composite began
with temperature exposure at about 1000°C, suggesting significant microstructural
changes for temperatures above 1000-1100°C. On the other hand, the mullite-alumina
(CFCC-A) matrix composite maintained a uniform strength at temperatures below
1200°C, showing the benefits of the mullite content in strength retention. Figures 13 and
14 show the load vs. temperature behavior of the alumina matrix and the mullite-alumina

(CFCC-A) matrix composite respectively.
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Figure 13 Bridging stress vs. temperature for the alumina matrix composite
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Figure 14 Bridging stress vs. temperature for the mullite-alumina (CFCC-A) matrix

composite.

1.5.3 Cyclic Behavior

Cyclic PFT tests were performed on both the alumina matrix and the mullite-
alumina (CFCC-B) matrix composites. The appearance of a hysteresis loop (an energy
dissipation mechanism) caused by the frictional forces and closely related to the fiber
sliding length, as previously suggested before, was characteristic for these composites.
Due to the nature of the PFT test, where only tensile loading is possible, the energy
required to close the hysteresis loop arises solely from the stored elastic energy,
suggesting the existence of enough stick-points acting with sufficient strain energy.

Figure 15 shows one an individual loading cycle for the alumina matrix composite.
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Figure 15 Cyclic PFT of an alumina matrix composite PFT specimen

Although the hysteresis loop fully closes for the configuration shown in Figure
15, Figure 16 shows that further cycling led to non-recoverable displacement at one
point. A sharp transition point at the maximum load, suggests a large number of stick
points converting to slip contacts therefore inducing gross slip. SEM analysis of cycled
samples showed evidence of gross slip (Figure 17). The reduced number of stick points
appeared tb be caused by interface degradation by frictional forces during cycling,
however, once gross slip took place, a new configuration (new portions of fiber sliding)
could be reached giving enough stick points to fully close the hysteresis loop again.

On the other hand, consecutive cycles on a PFT specimen showed the need of a
higher load to induced gross slip from partial slip. Figure 18 shows this behavior for the
mullite-alumina (CFCC-B) matrix composite. This response suggested a great
dependence on the fiber/matrix interfacial properties, with the latter providing the

frictional forces and contact configurations controlling crack growth during fiber sliding.
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Figure 18 Consecutive cycles for the mullite-alumina (CFCC-B) matrix composite.

The long term fatigue behavior of the composites showed a steadily increasing
COD with number of cycles (Figure 19). Wear effects, probably due to friction, on the

fiber/matrix interface during cycling caused gross slip and therefore crack growth.
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Figure 19 Long term cyclic behavior of the mullite-alumina (CFCC-B) matrix composite.




1.6 Relation between Cyclic and Static (monotonic) PFT tests

A critical relationship between the results obtained undef monotonic loading and
long-term fatigue behavior was observed for the all the composites studied in this
investigation. The Static PFT load curve provided a critical failure criterion for fatigue
conditions at both room and elevated temperatures. Failure by fatigue was controlled by
the critical value of COD given by the Static PFT curve for a given maximum cycling

load. Figures 20 and 21 show the failure condition for the alumina matrix and for the

matrix composites at room temperature respectively.
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Figure 20 Static PFT curve predicted failure of specimen of the alumina matrix

composite under cyclic conditions




micrometers

Figure 21 Static PFT curve predicted failure of specimen of the mullite-alumina (CFCC-

B) matrix composite under cyclic conditions.

For both materials, failure was observed when the load and COD combination fell

outside the monotonic load vs. COD curve. Therefore, fracture of the PFT specimen was

| controlled by the present crack opening displacement; in other words, damage
accumulated on the composite was quantifiable by the resulting increase in COD. This
behavior was also observed at elevated temperatures, however, experimental limitations
allowed only approximations of COD measurements. Figures 22 and 23 show the cycled
region of the alumina matrix and the mullite-alumina (CFCC-A) matrix composites at

1000°C, respectively.
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Figure 22 Static vs. Cyclic PFT test for the alumina matrix composite (1000 °C)

16

Bridging stress (MPa)

1

|

l T T T T

300 400 500 600 700 800 900
275 265 COD (micrometers)

I

I

T II

0 100 200

Figure 23 Static vs. Cyclic PFT test for the mullite-alumina (CFCC-A) matrix composite
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In both cases, failure occurred near the crossing point between the static curve and
the cyclic curve, confirming a displacement controlled failure mechanics at elevated
temperatures. The Static PFT curve was then proved to predict failure in materials with a
displacement controlled failure mechanisms, such as the fiber-reinforced ceramic matrix

composites studied in this research.
1.7 Discussion

The results obtained in this study were related to those reported in Reference [9]
by an extrapolation of the gathered data. Higher bridging stresses are reported in [9] and
compared to the ones obtained in this study. However, the crack opening displacements
measured in [9] are considerably smaller than the ones used for the PFT tests, suggesting
a required stress of about a 100 MPa for crack initiation (reported in [9]), but lower
stresses (~10-15 MPa) for crack propagation obtained by the PFT method.

Temperature exposure up to 1000°C showed no important effect on any of the
composites studied, confirming the appealing properties of these composites for high-
temperature applications.

The fiber/matrix interfacial properties play a critical role in fracture resistance of
these composites, as seen in the mechanical response during fiber sliding and pullout
under PFT tests. The fiber/matrix interfacial condition appears to control the number of
stick points available for full recovery or partial and/or gross slip during cyclic loading.
Frictional interfacial wear was evident in both cyclic and monotonic loading, mainly in
the final stages of the separation event, in the form of reduced load-bearing capacity and

smoother fiber pullout.




2.0 Conclusions and Recommendations

A unique experimental procedure was used to determine crack bridging stresses,
as well as the fiber/matrix interfacial role during fiber sliding and as an active energy
dissipation mechanism in fiber-reinforced ceramic matrix composites with all-oxide
constituents. ‘ ‘

A displacement-controlled failure mechanism dominates in these composites,
establishing a useful relationship between accumulated damage and present crack
opening displacements for failure prediction under fatigue loading conditions.
Microstructural analysis by SEM led to identification of important changes with
temperature exposure, allowing the determination of critical service temperatures.

Using the LEFM model, values for fracture toughness comparable to those of
some metals were found for these composites.

Experimental data obtained by the PFT method gives a great insight of the
mechanical properties of these composites, and can be used to establish a microstructure-

processing-properties connection.
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